INTRODUCTION
Conventional ultrasonic inspection methods such as pulse-echo and through transmission measurements can be insensitive to inter-laminar cracks within carbon-fiber/epoxy composite materials. Alternative inspection methods, designed to be sensitive to defects of this orientation, are therefore being sought. Most of these methods rely on the generation and detection of resonant modes (sometimes caUed generalized Lamb waves) in composite laminates, wherepy careful choice of particular modes can lead to sensitivity to defects of interest, such as delaminations, weak bonding or thin layers of residual materials [1] . Work on bonded metal plates has also highlighted the value of resonant techniques in detecting bond-line delaminations [2] .
vVork carried out within a joint experimental and theoretical research program aimed at designing new techniques for the ultrasonic inspection of composite components has led to the identification of resonant modes of potential value for defect detection. These modes are predominantly of horizontal-shear polarisation and are found to be highly sensitive to the presence of a thin layer of residual material (nylon bagging) at inter-ply boundaries. This paper presents the current status of this work, showing experimental and theoretical evidence for the existence of these modes, and presenting measurements which show how these modes may be used to detect residual nylon in a specific 12-ply composite laminate.
RESONANT MODES IN COMPOSITE LAMINATES
The conditions under which resonant modes exist in laminated plates may be understood by considering the behavior of partial waves in the layers. These waves travel as bulk plane waves within each layer, refracting and reflecting, and mode-converting energy between compression and shear waves, at each interface. For appropriate combinations of angle of incidence and frequency, these partial waves reconstruct tllPmselves after successive reflections from the two faces of the plate, and resonant modes (Lamb waves) are generated. Analytical prediction of the dispersion curves (phase velocity versus frequency) is possible for a single-layered isotropic plate [3J. For multi-layered plates with isotropic or anisotropic layers, numerical computation of the dispersion curves is required (see, for example, [4] ).
Coupling Between Lamb Modes and SH Modes
For carbon-fiber composite plates with orthorhombic symmetry within each ply, then under certain conditions (specifically, when the relative fiber orientation between at least one pair of adjacent layers is not 0° or 90°) coupling between all three wave polarisations (compression and two shear) will occur. This coupling will arise at any interface where the fiber orientations on either side are not mutually parallel or perpendicular, as the partial waves within at least one of the layers will not then be propagating in a principal symmetry plane. (For anisotropic materials, all three polarisations are coupled, for waves propagating out of the principal symmetry planes [SJ.) Once waves with all three polarisations are generated they will propagate throughout all of the layers within the plate, building up to produce propagating modes when the appropriate resonance conditions are satisfied. It is the consequent coupling between Lamb and SH modes, and hence the indirect coupling of the SH modes to the incident and reflected waves in water, which is the basis for the technique described in this paper.
Predicting Resonant Modes
The generation of a resonant mode in an immersed plate is generally accompanied by a reduction in the amplitude of the reflected signal, as a proportion of the incident energy propagates down the plate. This characteristic has often been used to determine experimental points on dispersion curves [6,7J. We have therefore developed a model, based on the theory of partial waves in layered plates of general anisotropy, to predict the reflectivity of composite laminates. By studying the behaviour of this reflectivity as inspection parameters are changed we are able to identify the onset of resonant mode generation. Figure 1 is a schematic of the model geometry. The incident and scattered wave directions (plane wave or finite beam) are defined by the polar angle () and by an azimuthal angle r/J, defined relative to a fixed direction such as the fiber direction in the top ply. A single-layered uni-directional plate is depicted, for simplicity, but the model can describe multi-ply plates with arbitrary fiber orientations.
The model assumes that carbon-fiber/epoxy composite laminates may be represented as parallel, homogeneous, layers with general anisotropy, each layer representing a single ply. The theory of wave generation by a plane wave incident onto such structures has been developed by several authors (see, for example, [4, 6, 7, 8] ). The partial waves in each layer are calculated by solution of the anisotropic wave equation, with the condition that the wavevector component along the laminate surface is equal to the incident wavevector component in this direction, for each partial wave (Snell's law). The partial waves are then summed, satisfying the relevant boundary conditions at each interface. The plane-wave reflection and transmission coefficients for the plate are then extracted. We have extended the above modelling work [IOJ to incorporate attenuation within each The orientation of this plane relative to the plate is given by the azimuthal angle <p, defined relative to some global set of axes. For simplicity the plate is shown as containing only one layer. However the model may be applied to multi-layered plates.
layer, described by frequency-dependent viscous constants (using the same assumed form as in [9] ), and to allow for the range of incident angles within the beam from a finite-sized transducer.
The model is then used to predict the conditions under which laminate resonances occur by looking for sharp changes in the plate reflection (or transmission) coefficient. Generally, we calculate the coefficient as a function of two variables, and plot the amplitude of the coefficient on a grey scale, where the shade of grey varies between white, representing unity, and black, representing zero.
Modes in a 12-ply Composite Laminate
Four carbon-fiber epoxy laminates varying in thickness from 12 plies to 88 plies were supplied by Boeing Commercial Airplane Group. The nominal ply layup in the thinnest specimen is: [0°, +45°,90°, -45°,0°,90°1.,. All of the laminates contained 12.5 mm square inserts of nylon and brass at three depths within the laminate: beneath the first ply, at the mid-plane of the laminate and above the last ply. The nylon and brass nominal thicknesses were 50 {lm and 25 {lm respectively. Conventional pulse-echo amplitude measurements at 3.5 MHz and through-transmission measurements at 5 MHz show limited or negligible sensitivity to some of the nylon inserts. In all cases the brass inserts were readily detectable. Figure 2 is a grey-scale image of the predicted plane wave reflectivity of this 12-ply laminate, as the angle of incidence in water (B) and the frequency are varied, for the orientat.ion <p = 0, where this is t.he angle relative to the fibre direction in the top ply. The elastic and viscous constants used in the calculations were taken from the literature [9] and are ouly expected to be representative of the particular material used in this work. The horizontal axis covers the range 0° ~ (J ~ 60°, with curves for the plate, in terms of the critical angle of incidence (which is directly related to the wave phase velocity) and frequency, but with the additional information on the effect of each mode on the reflected wave amplitude. Each dark 'stripe' in the plot represents the locus in velocity-frequency space where a minimum occurs because a particular mode, or resonance, is being generated. The narrower the stripe the sharper the dip in the reflectivity. The darker the stripe, the deeper the reflectivity minimum.
It is generally not possible to identify the modes in figure 2 as (generalized) Lamb modes, or SH modes, as they are a combination of waves of all three polarisations. However, many of the modes are predominantly of one polarisation. In order to determine the dominating wave displacement direction it is possible to sum the partial waves at various depths within the plate, to depict the wave displacements through the plate. We have performed this for many points on the dispersion curves of figure 2, thus identifying the principal mode types. We find that the dark horizontal bands at the lower frequencies correspond to resonances of predominantly longitudinal polarisation. All of the bands at, or close to, normal incidence, correspond to modes with predominantly compression or vertical-shear polarisation. However, some of the modes are found to be principally of quasi-SH polarisation. The modes of interest form a 'triplet' structure, with three modes emanating from a single point at f~ 1.3 MHz, () ~ 16°, diverging into three distinct modes, and then two modes coalescing at f~ 2 MHz, () ~ 30°. Figure 3 shows the x, y and z displacement components for 0 = 25°, f = 1.70 MHz, corresponding to one point on the triplet structure discussed above. The predominant displacement is in the y direction (see figure 1 for axes definition) indicating that this resonance is principally a horizontally polarised shear mode.
Experimental Detection of Modes
Measurements of the reflected amplitude from the tool-side surface of the 12-ply composite laminate described above have been made, in the experimental geometry shown schematically in figure 1 , with the laminate immersed in water. The measurements were made on a region of the laminate well away from the defect locations. The incident beam was produced by exciting a well-damped 12.5 mm diameter, 2.25 MHz centre frequency immersion transducer with a tone-burst pulse of length> 30 !lS. The reflected signal was detected by a second, nominally identical, transducer. The laminate and the transducers were mounted in the water bath of a large automated mechanical scanning system. The reflected amplitude was measured at a sufficient time after the initial detection of the received pulse that the signal had reached its steady-state level. least for f :::; 2.5 MHz. This is significant, principally because of the simplifying assumptions made in the model, of ply homogeneity, of fiber straightness and parallelism, and of smooth surfaces, and justifies further use of the model for the numerical evaluation of the effects of certain defects, as described below. Differences of detail may also be attributable to the use in the calculations of representative, rather than accurate, values for the elastic and viscous constants of the laminate, and to the use of plane-wave theory in production of the image of figure 2.
SENSITIVITY OF RESONANCES TO NYLON MATERIAL
If the calculation shown in figure 2 is repeated, with a thin nylon layer at one or more of the ply interfaces, then the difference between the reflectivity with and without the nylon indicates the regions of sensitivity of the resonances to the nylon. A 'difference' plot may then be produced, showing the reflectivity with nylon at the appropriate ply interface, compared with the reflectivity when no nylon is present. We find that for all nylon depths within the 12-ply laminate (i.e. nylon at all eleven inter-ply boundaries) the 'triplet' structure in figure 2 remains a dominant feature, indicating that these three resonances are significantly reduced in strength when the nylon is present. Around this triplet structure some light bands appear, indicating the existence of new resonances when the nylon is present, the details of these being dependent on the nylon location.
The details of the sensitivity of laminate resonances to the presence of nylon at an interface may be illustrated by studying the reflection variation with angle, or frequency, this corresponding to a horizontal or vertical section through a grey-scale image of the form shown in figures 2 and 4. Theoretical and experimental plots are shown in figure 5 , for a frequency of 1. 7 MHz (the theoretical calculations in this instance are for a bounded beam rather than for plane wave incidence). 
Detection of Nylon Material
In order to demonstrate a practical strategy for detecting material inclusions, the two transducers described above were set at 25° to the plate tool-side normal, in the general arrangement shown in figure 1. The azimuthal angle was <p = O. The transducers were moved together along a line through the centres of each pair of nylon and brass inserts, and measurements of the reflected signal amplitude at 1. 70 MHz were made at intervals of 0.5 mm. The results for the mid-plane (ply 6) defects are shown in figure 6 . The nominal positions of the nylon and brass defects at this depth are, respectively, x = 0 and x = :n.5 mm. Both defects are clearly observable. The dotted line in figure 6 is the result of a similar scan along a parallel line approximately 30 mm from the first, where no included material was present. The reflected signal amplitude is increased in the regions of the defects because their presence perturbs the SH resonance. Scans such as those whose results are shown in figure 6 could be used to construct a C-scan image of the defect area.
The choice of the parameters () = 25°, f = 1.70 MHz for the scan shown in figure 6 was made because the mode at this point showed very similar sensitivity to the nylon and brass defects at all three depths in the laminate at which they were located (i.e. under ply 1, ply 6 and ply 11). In some cases much greater sensitivity was obtained at other points in the (0, f) plane (both defects under ply 1 produced an increase of ~ 300% in the reflected signal at 0 = 22.5°, f = 1.40 MHz) but the sensitivity varied significantly with the depth of the defect in the laminate.
CONCLUSIONS
Experimental and theoretical work has been presented which shows that resonances with predominantly SH polarisation may be generated in a 12-ply composite laminate, in immersion testing. The conditions under which these resonances are generated has been discussed briefly. The sensitivity of these resonances to inter-ply interface conditions has been used as the basis of an experimental method for detecting residual nylon within the laminate.
Extension of the work to thicker composites, and to composites with various ply orientations, has yet to be performed. Preliminary model predictions suggest that quasi-SH resonances may also be generated in the 24-ply sample (which is a symmetric combination of two of the 12-ply samples) and may b~ sensitive to defects within this laminate.
